We adopt a fundamentally different approach to providing a dynamical description of the strange binary system SS433. Instead of relying solely upon the equations of motion of rigid bodies to obtain constraints on some of the parameters of the system, we make plausible physical assumptions concerning the nature of the system that allow the direct calculation of these parameters. Specifically, we assume that the free-body precession period is the same as the driven precession period, and we assume that the axial rotation period of the precessing object is tidally locked with its orbiting companion. These assumptions are fully consistent with earlier solutions of the full dynamical model, but provide a simpler set of constraints on the model, and yield a completely coherent picture of the components of this binary system. The free parameters of the model are the five physical parameters of the kinematic model plus the five parameters required to describe the 6-d nodding motion. The requirement that the precession results from Newtonian-driven precession then determines the oblateness of the precessing object and the mass ratio of the object to the total mass in the system.
I N T RO D U C T I O N
The observation by Clark & Murdin (1978) that the object discovered by Stephenson & Sanduleak (1977) was an X-ray and radio source, possibly associated with the supernova remnant W50, and having an unusual emission-line spectrum, brought SS433 to the general attention of the astronomical community. Subsequent documentation of changes in the wavelength of the moving lines (e.g. Leibert et al. 1979 ) led Abell & Margon (1979) to propose a kinematical description (KM) for those changes involving two antiparallel nearly relativistic jets of neutral hydrogen and helium, ejected from a central source, and moving in a conical fashion with a period of approximately 162 d.
The discovery of systematic short 6-d period variations (Newsom & Collins 1980a ,b, 1981 was dubbed by Katz et al. (1982) (see also Katz 1981) as the 'nodding motion' of SS433. These variations could be characterized by small-amplitude sinusoidal oscillations E-mail: collins@grendel.astr.cwru.edu; RobtW. Scher@aol.com in the two positional angles describing the orientation of the jets. Much attention was focused on this motion to provide dynamical constraints on the nature of this object. Katz et al. (1982) were unable to fit the amplitudes and relative phases of the double-angular motion with a model relying on a precessing, rapidly spinning thin disc. Collins & Newsom (1986) were able to fit the amplitudes and relative phasing of the nodding motion by assuming the precessing object was a slowly spinning 'thick disc'. With a minimal oblateness and a somewhat subsynchronous rotation period the precessing object was found to resemble an oblate star more than a classical accretion disc. However, the dynamical model (FDM) was unable to determine a meaningful mass ratio for the system because of the strong non-linearity of the equations of motion. Sharp, Calvani & Turolla (1984) summarize nicely physical attempts to move beyond the simple kinematical description of Abell & Margon (1979) by dividing them into three broad categories, all of which are subject to serious objections. The primary objection to dynamical models is the use of rigid equations of motion to describe a 'fluid' accretion disc. The central issue of this objection relates to the time-scale during which the moments of inertia can be considered to be constant. We shall see that a time-scale of the order of a day will characterize the nature of this precessing object. Any periodic motions that transpire on time-scales comparable to the dynamical time-scale for the object are unlikely to be correctly described by the equations of motion for a rigid body. Thus, while the time variable torques generated by the companion are likely to induce a nodding motion of the type described by Katz et al. (1982) or Collins & Newsom (1986) , it is possible that the specific form of that motion may not be well described by the rigid equations of motion. It is this objection that our reformulation of the driven precession model is designed to overcome.
The problem of the extent to which the motion of a fluid body can be represented by the rigid equations of motion is an old one traced by Lamb (1945) to Poincaré who demonstrated a 'prevision' of Lord Kelvin that 'if the period of the disturbing forces is sufficiently long the precession will be practically the same as if the mass were solid'. This result is also supported by the much later work of Mestel & Takhar (1972) and Papaloizou & Pringle (1982) . Thus it is likely that the moments of inertia of this object, averaged over the binary period, may be regarded as constant on time-scales longer than the binary period; and, with the further assumption of uniform rotation the equations of motion of rigid objects will describe the motion on these longer time-scales. As we shall see later, the assumption of uniform rotation is supported by the finding of the model that the precessing object consists of a massive envelope, supported by radiation pressure and in convective equilibrium, surrounding a collapsed core. Such an object would exhibit uniform rotation.
A more recent approach is that of Pringle (1996) who notes that an accretion disc illuminated by a central source will be subject to radiative warping and may undergo driven precession. However, it is yet to be demonstrated that such an approach can meet the dynamical constraints of the nodding motion in addition to the precession and the energetics exhibited by SS433.
A consistent mystery with both the KM and FDM has been the apparent absence of free-body precession (Eulerian nutation) observable in the data. Collins (1985) showed that tidal distortion of the accreting ellipsoid would produce body changes that would cause the principal body-axis to follow a path very similar to that resulting from the dynamically induced 'nodding motion'. had previously suggested that this object should exhibit Eulerian nutation on time-scales that are long compared with the binary period of 13.08 d. Such motion would be proportional to the spin period and oblateness, and its determination would place very tight constraints on the mean distortion of the precessing object. However, searches for such a periodic variation in the precession period have consistently failed to yield a separate motion that could unambiguously be associated with this motion. In this paper we suggest that this 'failure' is likely to be the result of the free-body precession period being the same as the driven precession period, and that the system has achieved a minimum energy state by virtue of arriving at this resonance condition.
We also adopt the simplifying notions that the rotation of the precessing object is synchronously locked with the compound orbital and precessional motion, and that the orbit is circular. Solutions of the FDM (Collins & Newsom 1986 , 1988 have consistently shown the rotation period to be close to synchronous and the orbit to be nearly circular. These assumptions might seem to be at odds with earlier work by Papaloizou & Pringle (1982) who found that the time-scale required to achieve synchronous rotation through tidal interaction is comparable to that required to circularize an elliptical orbit and align the spin axis. Clearly, if the spin axis of this object is aligned, there can be no precession. However, should synchronous rotation and circularization of the orbit have been achieved by more efficient mechanisms than tidal interaction (e.g. mass transfer in the case of orbital circularization and magnetic braking in the case of rotational slowing) the time-scale for establishing synchronism and circularization would be shorter than for axial alignment, which depends solely on tidal interactions.
In the next section we will show that these assumptions, along with the parameters determined by the fit of the model to the data, allow the direct calculation of the distortion parameter (ellipticity) and the mass ratio, fully determining the dynamical properties of the system. These assumptions form the basis of the revised dynamical model (RDM). In later sections we examine the ability of this model to fit a data set spanning more than 20 years of observations, and investigate the stability of the system and the extent to which the secular effects found in the residuals may be explained. In addition, we will examine the impact of the discrete behaviour of the jetbullets on the ability of any continuous model to fit the data, and use the model and photometric eclipse data to reinvestigate the location of the mean-emitting region of the jets in the manner first suggested by Collins & Newsom (1986) . Finally, we find that a remarkably consistent picture of the system emerges from these results and we give a somewhat detailed picture of this bizarre and singular object.
F O R M U L AT I O N O F T H E R E V I S E D DY NA M I C A L M O D E L
The mathematical basis of the FDM has been presented many times and is fully reviewed by Collins & Scher (2000, hereinafter referred to as Paper I), and will not be repeated here. The basic components of the RDM are the familiar equations of the KM, modified to incorporate small-amplitude sinusoidal oscillations in the cone and precessional phase angles of the jets (the 'nodding motion'), plus the equation of pseudo-regular driven precession. Thus the Doppler shift of two antiparallel jets can be expressed in terms of the Doppler parameter z as
where γ is the Lorenz factor characterizing the motion of the two jets and cos is the direction cosine of the jet axis to the observer's line of sight. The direction cosine can be expressed in terms of the parameters of the system by
where φ is the precessional phase, θ is the precessional cone halfangle, i is the inclination of the normal to the orbital plane to the line of sight, and δφ and δθ are the contributions of the 'nodding motion' to the orientation of the jets. The relevant angles and some system parameters are shown in Fig. 1 . φ is related to the precession period P p by
where φ 0 is the precessional phase at some initial epoch t 0 . Similarly, δφ and δθ are related to the nutational period P n by
and
where δφ a and δθ a are the amplitudes of the two components of the nodding motion, and δφ 0 and δθ 0 are the phases of these motions at the initial epoch t 0 . Finally, P n is related to the precessional period P p and the orbital period P b by
The 10 free parameters of the model consist of the five parameters of the KM, the orbital period P p and the four 'curve fitting' parameters of the nodding motion: δφ a , δφ 0 , δθ a and δθ 0 . The remainder of the model is based upon the equation of driven precession. A discussion of driven precession appears in most books on classical mechanics and dates back at least to von Klein & Sommerfeld (1898) . They give an expression for the pseudo-regular precession of a driven body in terms of its moments of inertia concerning the principal axes I xz as
Here ε is ellipticity, a distortion parameter describing the departure of the precessing object from sphericity and is defined by
The parameter µ is a ratio of the mass (M c ) of the companion to the total mass (M) of the system and is related to the more familiar ratio q and is defined by
Since this parameter arises from the strength of the gravitational interaction between the two objects, M includes any 'nuclear core' in the precessing object whether or not it actually participates in the precessional motion. The parameters ω p and ω b , are the frequencies of precession, and binary motion, respectively. The parameter is a constant of the motion involving the rotation frequency ω r . Specifically,
where θ is the opening half-angle of the precessional cone. Thus given observed values for ω p , ω b and θ, the remaining unknowns in the problem are , ε and µ. The assumption that the system has achieved synchronous rotation, allows the parameter to be eliminated by
Since the precessing object is an oblate spheroid, the precession will be retrograde to the orbital motion and ω p should be regarded as being negative. If we average the form of the object over an orbital period, the impact of tides will be to change the principal body z-axis so that it no longer coincides with the rotation axis. If not further constrained, such an object will experience free-body precession, where
and the amplitude of the motion will be approximately that of the departure of the principal body z-axis from the rotation axis. Collins (1985) shows that we can expect this amplitude to be small and of the order of the nutational (nodding motion) amplitude. Since ε < 0 for oblate objects the free-body precession will be retrograde to the rotation and binary motion, but in the same direction as the driven precession. The non-holonomic constraint imposed by the presence of the binary system will complicate the motion, but the characteristic frequency ω f b is likely to be essentially unchanged. We shall assume it is given by equation (12), and further assume that it is equal to the precession frequency ω p . It should be noted that while the free-body precession frequency is proportional to the rotation rate, the driven precession frequency is approximately inversely related to the rotation rate. Thus, in any system where the rotation is slowing, there will come a time where the two rates are equal. This state will be maintained as the object moves toward synchronous rotation. When the system becomes synchronous, energy dissipation within the object will be a minimum and the system will tend to remain in that state. These conditions lead to the relation for ε where
The sign change on the right-hand side is the result of taking the precession period to be positive. This constraint provides the final requirement so that equation (7) can be solved for µ, yielding
or in terms of periods in the system
For typical values of the orbital and precessional periods, equation (15) yields a value of µ = 0.88 corresponding to q = 0.13, which is quite compatible with the q < 0.3 quoted by Sharp et al. (1984) and obtained by others. This is in contrast with the FDM where the non-linearity of the equations of motion leads to an error in µ so large as to preclude determining any plausible value for the mass ratio. With the assumption of resonance between the free-body and driven precession, however, the error in µ is essentially the error in the driven precession period. The associated value of ε = −0.075 is consistent with the earlier finding that the object is a very thick disc. Indeed, the value of ε for a polytrope of n = 2.5, uniformly rotating at the critical velocity, can be obtained from the moments of inertia given by Tassoul (1978) as ε = −0.0863. This result lies well within error estimates of ε obtained from the FDM, and suggests that the precessing object is well approximated by a centrally condensed core surrounded by a configuration largely supported by radiation pressure (e.g. a polytrope of n = 3), the outer shape of which would be essentially that of a Roche model. Thus we would expect typical values of the ratio of the equatorial to polar radius to be ∼ 3 2
. [The value given by Tassoul (1978) for a critically rotating polytrope of n = 2.5 is 1.52.] It should be noted that under the assumption of resonance locking of the free-body precession with the driven precession, the value for ε depends linearly on the value of the rotation period. Since the insertion of ε into equation (7) essentially specifies µε, changes in the rotation period directly affect the mass ratio of the precessing object to the companion. Thus values of the rotation period of the precessing object determined by the FDM would yield a value for q of the order of ∼1 so that the mass of the precessing object would be comparable to that of the companion. Therefore, we should take the assumption of synchronous rotation as yielding only a lower limit on the mass of the precessing object.
M O D E L C O M PA R I S O N S A N D C O N S I D E R AT I O N S
We have applied the KM, FDM and RDM to a data set consisting of 1449 Doppler shifts obtained over some 836 nights. This is a significantly larger data base than was used in Paper I, mainly by the addition of data from the work of Gladyshev, Goranskii & Cherepashchuk (1983) , Goranskii et al. (1986 Goranskii et al. ( , 1997 and Kawai (1995) . The results given in Table 1 list the standard KM parameters in the first five lines. The next five lines list the additional parameters of the FDM and the RDM. The next three lines show the secular changes to the precession and binary periods. The final two lines contain the rms error of the model fit and the associated value of χ 2 . The results obtained for the first five parameters are quite similar for all three models. Both the FDM and the RDM obtain very well-defined values for the orbit period P b , which agree well with photometric data. The FDM determines a modestly good number for the orbital eccentricity e, whereas the RDM assumes that the orbit is circular, with little if any degradation of the solution. Both the rotation period P r of the 'thick disc' and its ellipticity ε are free parameters of the FDM, but are determined by the assumptions in the RDM. The mass ratio µ is indeterminate in the FDM, but is well defined by the assumptions of the RDM. An analysis of the residuals of the resulting fits finds statistically significant values ofṖ p andP p are present in all models. Since the signs are opposite, their presence probably indicates some aspect of the system behaviour other than systematic secular period change. To investigate this hypothesis we subjected the residuals of the KM and the RDM to a full power-spectrum analysis of the type described by Roberts, Lehar & Dreher (1987) . The results for significant power levels are given in Table 2 .
The final two rows show the effects of the 6-d nodding motion. The residuals of the KM clearly show periods of 6.29 and 5.84 d. As indicated by Katz (1981) and demonstrated by Newsom & Collins (1981) , these are the side-bands of a 6.06-d signal originating in the system and phase-modulated by the Doppler shifts of the precessing jets. The final column gives the periods, which would beat against the precession period to yield the period in the first column. Although a fundamental signal that is phase-modulated by the precessing jets should produce a pair of side bands of differing power on either side of the fundamental, one of the pair may not be detected if the power is too low. Both are clearly present for the 6-d nodding motion as seen in the residuals of the KM. However, similar pairs are less obvious for the other periods present in the power spectrum analysis. Periodic variations that result from effects outside the system will not display the side bands of the type shown by the 6-d nodding motion.
Except for the periods associated with the 'nodding motion', only the periods near 194. power. If one considers the presence of several periods close together as indicative of the presence of a period phenomenon that is only quasi-sinusoidal, then it is possible that the periods [201, 195, 194 d] represent one side band and the two at [143, 135 d] represent the other. This would suggest the presence of a system period in the range between 800 and 1000 d. The existence of such a period has been suggested by Collins & Newsom (1988) and Margon & Anderson (1989) , although the cause of such an effect was unexplained. It is also likely that the presence of this long-period variation is the source of the statistically significant values ofṖ p andP p present in the residuals of all three models (see Table 1 ).
The extreme strength of the signal at 243 d seen in both jets suggests that its origin is the observing period since it corresponds to approximately two-thirds of a year. The remaining periods of 257 d in the blue jet and 80 d in the red jet may also be related to observational systematic effects. The crossing of the Hα of the red jet through the atmospheric A and B bands and the crossing of Hα of both jets through the unshifted components of the spectrum are likely to introduce systematic periods in the data (e.g. . Systematic biases of the location of the jets during those crossings would affect the two jets differently than would be expected for signals arising in the system. Thus, with the exception of the long-period variation between 800 and 1000 d, these explanations would appear to rationalize all remaining periodic behaviour shown by the system over the previous 20 yr.
In Paper I we investigated the effects of the finite glow time of the bullets comprising the jets on the ability of any smoothly varying model to fit the observed Doppler shifts. We have extended that analysis in this paper to include the additional data. The points in Fig. 2 represent differences between successive measured values of z for temporal intervals plotted on the abscissa. Each point represents the mean of all the data points differing by the time interval of the abscissa. Therefore, the values represent differences averaged over many precessional phases, reducing the effects of the jet motion of longer temporal intervals. The scatter reflects a combination of measurement and sampling error and the effects of phase averaging. However, the intercept corresponding to zero time difference reflects a reasonable estimate of the error introduced by measurement of ε ≈ 0.004. The flat region adjacent to the origin is what would be expected for the measured difference for the same bullet and hence provides a crude estimate of the actual glow time. While the data given by Grandi (1981) , supported by Wagner (1987; Private Communication) and Panferov et al. (1997) suggest that the bullets tend to glow for the order of a day, this analysis suggests it would be difficult to support an average glow time of more than ∼0.4-0.6 d, in agreement with the conclusion reached in Paper I. It is likely that differences obtained after approximately a day represent differences between bullets and reflect changes in the jet orientation.
The solid line reflects the rms differences between successive predictions of the RDM differing by the temporal values on the abscissa. This reflects the contribution to the rms error of fitting the RDM to the data that results from the finite glow time of the bullets. As pointed out in Paper I, the inclusion of 6-d oscillations leads to a larger contribution to the rms error of the RDM from the finite glow time of the bullets than for the more slowly changing KM. Therefore, the combined effect of measurement error and finite glow time would suggest that it is unreasonable to expect a smoothly varying model that included the 6-d oscillations to yield an rms error, <0.006. For the purposes of determining χ 2 for various model fits, we shall adopt this value for the best-estimated fit possible to the data where fitting the 6-d 'nodding motion' is included in the analysis.
In addition to the glow time of the bullets, the distance to the mean location of the emitting region is of some interest. A method of determining the mean distance of the jet-emitting regions has been given by Collins & Newsom (1986) . To the extent that pauses in the precession rate associated with the 6-d nodding motion reflect nodal crossings within the system, comparison of the jet motion with eclipses within the system will determine the time of flight from the system to the centre of the emitting regions. They found that events taking place in the system (such as eclipses and nodal crossings) are reflected some 0.83 ± 0.2 d later in the jets that at speed of c/4 corresponds to a distance of ∼37 ± 9 au for the average location of the glowing bullets. Since then there have been a number of additional photometric determinations of eclipses (e.g. Goranskii et al. 1997) , so that we may improve the determination of the mean distance between the jets and the central system and determine an independent value for the orbital period. We have essentially repeated the analysis of Collins & Newsom (1986) and find a value of 0.844 ± 0.091 d for the time of flight from the source to the centre of the emitting regions, corresponding to a location of the mean emitting region of 37.6 ± 4.1 au. The analysis also yields a value for the binary period of P p = 13.0794 ± 0.0079 d, which agrees well with the period of 13.082 ± 0.006 d obtained from both the RDM and FDM.
We have also repeated the analysis of Collins & Newsom (1988) to search for any secular change in the orbital period. They had found a small positive value marginally different from zero. However, our data set covers nearly three times the temporal interval of the earlier work so that we should expect approximately an order of magnitude smaller error. The F-statistic, as described by Newsom & Collins (1981) , for the value given in Table 1 is 2.15, suggesting that the result is ∼2σ different from zero, but the secular change itself is an order of magnitude less than the value found by Collins & Newsom (1988) .
In order to better understand the long-term (800-1000-d) variations in the system, the data were examined to determine their local Table 3. phase shift when compared with the mean precessional phase given by the KM solution based on the entire 20 yr of data. The results of this examination are shown as the 'x's in Fig. 3 . These results suggest that there are time intervals over which the precession period is fairly constant, but not necessarily the same as the mean precessional period. When we fit the RDM to these intervals of data we obtain the results shown in Table 3 and plotted as the line segments on Fig. 3 .
The first column in Table 3 gives the range in Julian date for the data used in the fit. The next five columns are the resulting geometrical parameters of the KM. The seventh column shows the value of the orbital period associated with the 6-d oscillations. The final two columns give the number of data points in each range (n) and the value of χ 2 characterizing the fit to the data. It is clear that the model fit to the data for any of the subintervals is significantly better than the global fit to the entire data set given in the Table 1. The typical value for χ 2 is essentially unity. The values for fundamental system parameters such as the Lorentz factor of the jets, the orbital inclination, the average cone angle of the jets, and the orbital period all generally lie within 3σ of one another. However, the values of the precessional period and phase at the initial epoch differ from one another significantly. That this result is tied to the precessional period itself is demonstrated by the constancy of the orbital period for all intervals. This can only happen if the precessional period and 6-d nodding motion change in a manner best described by a change in the precessional period itself. The various values for the precession period would generate statistically significant values ofṖ p andP p for almost any subset of the data. Indeed, it is likely that this variability, coupled with the uneven spacing of the data, is the source of the so-called 'long-period' variations. Turning again to Fig. 3 , the picture is one of relatively long intervals of moderately constant precession period followed by rather abrupt changes to different values of the precession period. There is nothing obviously regular about the temporal intervals, the timing or magnitude of the changes in the precessional period (i.e. the change in slope from one interval to the next) to suggest that these are manifestations of periodic phenomena. The 800-1000-d signals apparent in column seven of Table 2 undoubtedly result from the first two downward spikes in phase shift, which coincidentally encompass approximately half the available data. Thus it would seem that the long-term behaviour of the system is simply intrinsically noisy.
T H E NAT U R E O F T H E S Y S T E M
The temperature and luminosity of SS433 yield a size for the precessing object of the order of 30 R (e.g. Murdin 1981; Wagner 1983 Wagner , 1986 . That these parameters apply to the precessing object is confirmed by the eclipse observations showing that the optical light curve during the eclipse is dependent on the precessional phase (see Gladyshev et al. 1983; Leibowitz et al. 1984; Goranskii et al. 1997) . The absence of any secondary eclipse certifies that the brightest member of the system is being eclipsed. Thus the precessing object is the most luminous member of the binary system even though it is far less massive than the secondary. The determination of a plausible mass ratio for the precessing object allows us to obtain other specific properties of the system consistent with the notion that the motion of the jets results from dynamical precession of the object.
As pointed out earlier, the value of ε = −0.075 suggests that the structure of the interior of the precessing envelope is well approximated by a critically rotating polytrope with n > 2.5, implying that radiation pressure is the dominant support mechanism. The temperature gradient of such a structure will exceed the adiabatic gradient so that the material is will be in turbulent convective equilibrium exhibiting the structure usually associated with supermassive stars (e.g. Collins 1989 ). However, the only energy transported by convection would be the kinetic energy of the gas, which is negligible compared with the energy stored in the radiation field. Since the turbulent convection carries little energy we may expect it to establish uniform rotation within the envelope. Under these conditions it is likely that the object fills its inner Roche lobe so that the radius and binary period determine the scale of the orbit and mass of the objects involved. Moulton (1914) gives an approximate solution for the location of the inner Lagrange point relative to the separation, which for our purposes yields
With q = 0.13, we find that the fractional distance of the precessing object to L 1 is r p ∼ = 0.3. Should that distance correspond to the luminosity radius of 30 R , then the semimajor axis of the system would be of the order of 100 R or 0.47 au, which is somewhat larger than the value obtained by Collins (1985) based on other considerations. The total mass of the system from Kepler's laws is then ∼80 M , with ∼10 M in the precessing object and ∼70 M in the companion. Brown, Cassinelli & Collins (1991) note that such a large mass is completely consistent with wind and evolutionary arguments. Effects of distortion, limb-and gravity-darkening would only serve to increase the scalefactor for r p , thereby leading to an even larger mass. Only arguments that the photometric radius of 30 R exceeds the distance to L 1 would reduce the system mass, but would require some sort of common envelope. However, this makes the photometric data, particularly the eclipse data, difficult to interpret. It is interesting to note that these system dimensions suggest an orbital velocity for the precessing object of the order of 300 km s −1 , which is also nearly the same as the critical rotational velocity (e.g. Cranmer & Collins 1993) of an object having dimensions of 30 R and 10 M . Thus synchronous rotation appears to have established the precessing object as rotating at or near its critical velocity, contributing to its ability to fill the Roche lobe.
It should be noted that Fabrika & Bychkova (1990) suggest that the 'photospheric shape of the supercritical disc wind may be very complicated and extend beyond the Roche lobe'. Should this prove to be the case then our estimate of the system mass may be somewhat too large. They also find that the companion is an extremely massive star, but less massive than our estimate. In contrast, D 'Odorico et al. (1991) , employing the same basic approach as that Fabrika & Bychkova (1990) , come to the opposite conclusion that the system has a total system mass of ∼4 M with a somewhat larger q. This would seem to demonstrate the perils of determining dynamical properties of a binary system from emission lines exhibiting complex structure. While our result of a massive system suggests orbital velocities much greater than the observed velocities give by He II λ4686 for both these studies, there is little doubt that in our proposed system the emission should originate near L 1 and show only a small fraction of the actual orbital velocity. Finally, it is difficult to see how a system with components having as small a mass as suggested by D'Odorico et al. (1991) could survive long in a system with a bolometric luminosity of 10 6 L as suggested by various investigators (e.g. Wagner 1983).
The extremely high luminosity (of the order of 10 39 erg s −1 for the precessing object) suggests it is undergoing super-Eddington accretion and is therefore radiatively unstable. However, it is likely that this radiative instability is resolved slowly as is the case in very massive stars and is the source of the large stellar wind. Even though the object is radiatively unstable, that instability would be largely manifest in its atmosphere as is the case for other massive stars. Thus the interior will still be well approximated by a polytrope with n ∼ 2.5. It appears that we must consider this system to consist of two extremely massive members both of which are radiatively unstable. Indeed, mass transfer from the massive companion must have taken place on a relatively short time-scale and overwhelmed the mechanisms available to the precessing object for getting rid of the material. This led to the build-up of material in the precessing object.
The positive value of the orbital period changes given in Table 1 suggests that the orbital dynamics are currently dominated by mass loss from the system. Under the assumption of isotropic mass loss from a stellar wind accounting for the loss of angular momentum from the system Collins & Newsom (1988) find thaṫ
whereṀ is the mass loss owing to stellar winds from the system with total mass M. The value ofṖ b from Table 1 would suggest that the total mass-loss rate is of the order of 10 −4 M yr −1 , which is somewhat higher than the value for the precessing object given by Wagner (1983) for the equatorial wind and significantly higher than the value corrected for isotropic flow of Brown et al. (1991) . Very recently, however, Blandell et al. (2001) found a mass-loss rate for the wind of ∼1.6 × 10 −4 M yr −1 . This is accord with earlier findings of Shklovskij (1981) and van den Heuvel (1981) . Any centrifugal acceleration of the wind by a magnetic field of either component would enhance the angular momentum loss from the system, thereby increasing the magnitude of the orbital period change for the same mass loss. It seems unlikely, however, that significant matter is being transferred from the massive companion to the precessing envelope at the present time as such a transfer would lead to a shortening of the orbital period. Continued monitoring of the system to determine the change in the orbital period will be necessary to better determine the dynamics of mass transfer within the system. Brandt & Podsiadlowski (1995) have investigated the fate of binary systems wherein one member becomes a supernova leaving a collapsed object that has received a substantial 'kick' as a result of the explosion. They find that 27 per cent of the systems remain bound, but often exhibit dramatic misalignment of the spin. Approximately a quarter of the systems that remain bound experience rapid mass exchange and have nearly circular orbits. We suggest that this is indeed the case for SS433, which led to the massive envelope surrounding the collapsed object and having a spin axis inclined by 20
• to the normal of the orbital plane. If, in fact, the supernova yielded a neutron star in such a massive system, this suggests that significant mass was transferred to the present secondary just before the explosion, leading to its present very high mass. Dubner et al. (1998) based on an analysis of high-resolution radio observations give an age for W50 of 2 × 10 4 yr based on the premise that the jets provide much of the energy required to inflate and sustain W50. This suggests a kinematic luminosity for the jets of ∼3 × 10 39 erg s −1 which is of the same order as that found by Brown et al. (1991) . Since the mass transfer establishing the precessing envelope would have occurred shortly after the supernova event the precessing envelope is not more than perhaps 10 4 -yr old. However, since the transfer was rapid, most of the matter could not be processed by the collapsed object and accumulated as a massive envelope having an extreme wind. We suggest that the general magnetic field that must be associated with the field required to collimate the jets has combined with this wind to produce strong magnetic braking, leading to the present synchronism on a time-scale significantly less than that required to align the spin axis of the object. The fact that the wind is largely equatorial (e.g. Wagner 1983) also implies that the magnetic braking would do little to align the spin and orbital axes. However, it could also account for the subsynchronous rotation suggested by the FDM. It is also possible that resonant locking of the free-body precession and the driven precession might retard the spin alignment as a result of coupling to the driven precession. There are numerous concrete dynamical aspects of the evolution of this object that would serve as interesting areas of further study, but are beyond the scope of this paper.
Should the core contain a neutron star of ∼1.4 M as suggested by Meier, Koide & Uchida (2001) , then it must be surrounded by ∼8 M of material. Again, this would make the precessing object in SS433 quite different from the classical accretion disc, as the disc would contain considerably more mass than the accreting core. However, the relatively low terminal velocity of the jets cited by Meier et al. (2001) as the reason for believing that the core is a neutron star may not apply, since radiation drag (e.g. Icke 1989) on material passing through a magnetically supported vortex 30-R long could determine the terminal velocity of the jets well below that of highly relativistic jets originating near a black hole core. Thus, the case for a black hole core of modest mass for this object cannot be completely ruled out.
Even with a precessing envelope of 8-9 M , the mean density required to fill a 30-R volume will be relatively low (i.e. ∼6 × 10 −4 g cm −3
). An object of this size and mass will have a dynamical time-scale of the order of 1.5 d (e.g. Collins 1989, p. 63) , which while shorter than the 6-d nodding motion, is sufficiently close to it to suggest caution in the use of rigid equations of motion at the 6-d time-scale. While we have found no evidence of periodic variations of the jets on the time-scale of 1.5 d, such variations are more likely to be present in the photometric data than the radial velocity data that reflects the orientation of the jets.
We have given evidence that the structure of the precessing object can be understood in terms of a uniformly rotating massive envelope primarily supported by radiation pressure and surrounding a collapsed object. Accretion on to this object will provide the bulk of the energy emitted from the outer photosphere, so that the energy source may be regarded as being a point source. To the extent that the opacity can be regarded as constant, such a configuration will be unstable to convection (cf. Chandrasekhar 1957, p. 350) . The fact that highly collimated jets produced by accretion on to collapsed objects seem to require the presence of magnetic fields (e.g. Meier et al. 2001) suggests that in addition to collimating the jets, the field may well aid in maintaining the uniform rotation (see Roxburgh 1970) . The vanishing of viscous torques arising from turbulent convection for the case of uniform rotation also supports this assumption, which is necessary for driven precession to occur. Such objects are well approximated by rotating polytropes, which are well summarized by Tassoul (1978, chapter 10) . Therefore, we may expect the structure to be approximately that of a polytrope, uniformly rotating near its critical velocity, with n → 3. In order to maintain stability, such configurations become successively more centrally concentrated. The central concentration will be enhanced by the presence of the collapsed core. Such configurations as noted by Tassoul (1978, p. 248) simply cannot store a great deal of rotational energy. The reduced density of the outer envelope enhances the viscous torques of the turbulent convection, establishing uniform rotation and its ability to respond to the torques of the companion, thus producing the precession in the object.
Any episodic transfer of even relatively small amounts of matter would tend to upset this delicate equilibrium configuration producing modest changes in the shape and rotation speed of the object. Such changes would be likely to cause the precessional period to behave in a manner indicated by the results in Table 3 . While the typical time intervals shown in Fig. 3 are likely to be related to mass transfer from the companion, the rate of change of the precessional period is probably related to the redistribution time-scale for angular momentum within the precessing envelope. While time-scales of 1000 d may seem relatively fast for such a redistribution, the physical conditions likely to prevail in the envelope as described above may permit them.
While the less than synchronous rotation suggested by the FDM may result from systematic failure of the model to fit the 6-d variations, it is also possible that it reflects the presence of magnetic breaking balanced by secular acceleration from tidal interaction. A strong magnetic field is certainly suggested to allow for the extreme collimation of the jets found by Brown et al. (1991) . Such a magnetic field would extend well beyond the precessing object and while greatly reduced in strength could still be expected to play a significant role in removing angular momentum from the system. Thus the convenient assumption of synchronous rotation is likely only to place a lower limit on the mass of the precessing object. Further detailed observations bent on determining the rotation period of the precessing object will be required to resolve this issue.
It is unlikely that the dense core participates in the precessional motion. Having such a small size for its fractional mass, its contribution to the moments of inertia will be negligible. It would also seem likely that the collimated jets are produced by mechanisms summarized by Meier et al. (2001) , requiring a magnetic field collimating and accelerating the jet material. The outer extent of such a field would form a vortex frozen to the overlying precessing envelope, which would then guide the material of the jets in the conical fashion described by the models. Brown et al. (1991) provide an exhaustive discussion of the conditions that must exist in the jets. The parameters determined earlier for the mean location of the glowing region of 37 au from the system and a mean glow time of 0.6 d, imply that the emitting region would extend from ∼10 to 65 au from the system. This is completely consistent with the results of Brown et al. (1991) . They suggest it is reasonable to believe that the jets will sweep surrounding matter away from the stellar system, and that this has happened throughout much of W50 is supported by the fact that the jets seem to maintain their initial velocity (see Vermeulen 1989) . This implies that there is insufficient material throughout much of W50 to decelerate the jets. They also note that a kinetic luminosity comparable to the photoluminosity of the system of 10 6 L is sufficient to inflate W50. Brown et al. (1991) go on to show that the most likely source for the line emission from the jets is collisional heating from the large stellar wind associated with the system. This stellar wind first noted by Margon et al. (1979) and quantified by Wagner (1983) as having a terminal velocity of ∼500 km s −1 will refill a volume out to ∼50 au between successive passages of the jets. It is likely that this is the source of the material causing the collisional excitation producing the emission lines of the jets. It also provides a logical reason for them to stop glowing after approximately a day.
The inner 10 au is probably the region where the jets breakup from the smooth flow indicated by the moving X-ray lines (e.g. Kawai 1995) into turbulent blobs or bullets, which cool to a temperature where the recombination of neutral hydrogen is possible. While it is possible there may be some radiative sweeping of this inner region, Brown et al. (1991) show that the radiative efficiency is low for the jet material and it will be even less efficient for sweeping the wind before the bullets. Brown et al. (1991) continue to show that there is a remarkably small range of physical parameters for the jet bullets that meet all the constraints placed by physical processes associated with collisional excitation and re-emission of the line radiation. These conditions are consistent with their subsequent evolution as viewed in the radio range (see Hjellming & Johnston 1981; Vermeulen 1989) .
We now have a reasonably complete physical picture of the present status of SS433 extending from the system itself to the far reaches of W50. What we see is a very massive X-ray binary system, wherein significant mass transfer has established a massive envelope about a collapsed companion. The transfer rate was sufficiently high that mass-loss mechanisms including stellar wind and accretion on to the collapsed core were overwhelmed, allowing for the buildup of a large surrounding envelope. The mass of this envelope is significantly greater than the accreting collapsed core and resembles a star in many aspects. Super-Eddington accretion provides the extreme luminosity of the surrounding envelope and has lead to the formation of jets probably via mechanisms described by Meier et al. (2001) . The driven precession of the envelope guides the jets as the envelope responds to the presence of a very massive stellar companion. The jets subsequently interact collisionally with the stellar wind from the components of the system, yielding the emission-line spectra that convey most of the information that defines the system. Without the line spectra from the jets, their existence would only be known from radio observations and the system would most likely be classified as an extremely bright X-ray binary. It is not clear how long the system can continue in its present state, but radio observations (see Hjellming & Johnston 1981) suggest a current expansion life of at least several thousand years.
S U M M A RY A N D C O N C L U S I O N S
We have seen that replacing the dynamical constraints associated with the 6-d 'nodding' motion with plausible assumptions concerning the dynamical behaviour on longer time-scales leads to a far simpler dynamical model for the system. The system can be understood as originating from two massive stars, the most massive of which exchanged sufficient mass with the component now known as the companion so that when it became a supernova the system failed to disrupt (see Paczyński 1971) . The supernova remnant core is likely to have been a neutron star, which would set limits on the mass of the first supernova in this system and would explain the relatively low terminal velocity for the jets. This implies that a significant amount of mass was transferred to the current companion leaving it an extremely massive star.
Soon after the supernova event, matter began to be transferred back from the supergiant companion to the collapsed core, circularizing and shrinking the orbit (e.g. Brandt & Podsiadlowski 1995; Carroll & Ostlie 1996) . The rate of mass transfer greatly exceeded the accretion rate on to the collapsed core and mass loss from the resulting jets, leading to the buildup of a significant envelope. The mass transfers eventually slowed as a result of the mass loss from the system through the wind, the jets and mass reduction of the supergiant companion. The radiatively unstable massive envelope established uniform rotation through turbulent convection and the presence of the magnetic field, producing the highly collimated jets and undergoing driven precession, leading to the present situation. The expansion age of at least 1000 yr as obtained from the expansion of the radio jets (see Hjellming & Johnston 1981 ) sets a lower limit on the age of the system and suggests that the present phase began extremely recently.
The future of the system is perhaps less constrained than the past or present. Continued observation of the orbital period will determine the rate of mass transfer and specify the dynamical future of the system. It is likely that further mass transfer from the companion will continue to increase the mass of the precessing object if it overwhelms the mechanisms of mass loss from the object. It is not clear whether the vortex allowing the jets to escape can be maintained if the mass transfer rate becomes large. Should the collapsed core of the precessing object indeed be a neutron star, its mass limit will eventually be exceeded, leading to the formation of a black hole. The time-scale for reaching this mass limit is likely to be less than ∼10 5 yr. While the dimensional change for such a collapse is small, the change in binding energy is immense. Should even a small fraction of the released energy escape the black hole, it would be sufficient to destroy the surrounding relatively low-density envelope in a manner resembling a supernova event. However, it seems unlikely that such an event would disrupt the system, as the companion is likely to remain far more massive than the precessing object.
However, evolution of the companion is also likely to proceed rapidly. Its envelope expansion would lead to significant mass transfer, a common envelope system, and ultimately a Thorne-Zytkow object. Eventually, the companion itself will probably become a supernova. In any event, it would appear that we are seeing SS433 in an extremely short-lived evolutionary phase, which when combined with the scarcity of extremely massive close binaries would help explain its uniqueness. Regardless of the ultimate outcome, it seems likely that SS433 will remain one of the most active and interesting stellar systems in the galaxy for the foreseeable future and is worthy of continued monitoring.
